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abstract
Aspects of d = 4;N = 4 superconformal U(N) gauge theory are studied at nite temperature.
Utilizing the dual descriptions of the large N and strong coupling limit via Type IIB string
theory compactication on Schwarzschild anti-de Sitter spacetime, we study correlations of
Wilson-Polyakov loops and the static quark anti-quark potential thereof. We nd two branches
of macroscopic string representing the Polyakov-Wilson loop. On the outer horizon branch
the loop is timelike and behaves similar to zero temperature counterpart. The interquark po-
tential interpolates Coulomb and connement behavior as the temperature is varied. On the
inner horizon branch the loop is spacelike and terminates its quark ends at nite distance
on Schwarzschild horizon. This implies dissipation of electric flux over Schwarzschild horizon,
which is responsible for connement behavior at nite temperature. To gain further insight, sin-
gle quark state on probe D3-brane world-volume is also studied. Interpreting the Schwarzschild
redshift function as dielectric constant, we nd that it becomes purely imaginary as the D3-
brane falls inside Schwarzschild horizon, accounting possibly for the dissipative behavior in a
way reminiscent to black hole membrane paradigm.
1Work supported in part by KOSEF SRC-Program, Ministry of Education Grant BSRI 97-2418, SNU Faculty
Research Fund and Korea Foundation for Advanced Studies Faculty Fellowship, by GIF - the German-Israeli
Foundation for Scientic Reseach and by the European Commission TMP Programme ERBFMRX-CT96-0045.
1 Introduction
Understanding the large N and classical strong coupling behavior of SU(N) gauge theories
has been a decades-old longstanding problem [1, 2]. Recently, with better understanding of
D-brane world-volume dynamics, connections to string theory and therefore new approaches
to the problem have become available. Built on earlier studies of the near-horizon geometry
of D- and M-branes and their absorption and Hawking emission processes [3], Maldacena has
put forward a proposal [4] for the large N limit of world-volume quantum eld theories. In
particular, the gauge theory Green’s functions can be calculated via S-matrix elements of anti-de
Sitter supergravity [5, 6].
Among those studied so far, the most tractible case is d = 4;N = 4 supersymmetric gauge
theory with gauge group SU(N) (and truncations to N = 2; 1; 0 theories with vanishing beta
functions) [7]. The theory is manifestly superconformally invariant and is realized as the world-
volume theory of N coincident D3-branes in Type IIB string theory. The latter conguration
















whose radius of curvature-squared is ge = g
2
YMN , where g
2
YM = IIB , and whose Freund-Rubin






H5 = N . Hence, in the large N and
strong coupling ge  1 limit, the gauge theory is dual to Type IIB supergravity on adS5S5.
Maldacena’s proposal is not restricted to zero temperature and zero energy density but can
be extended to thermodynamics. At nite temperature or energy density, the large N and
strong coupling limit of d = 4;N = 4 supersymmetric gauge theory is dual to the near-horizon
geometry of near extremal D3-branes [8] in Type IIB string theory. The latter is given by a
































The parameter  is interpreted as the energy density on the D3-brane, hence, of the d = 4;N =
4 supersymmetric gauge theory. In the eld theory limit 0 ! 0, the near extremal energy
density , and hence, U0 remain nite. As shown by Maldacena, gauge theory excitation of
nite energy  corresponds to proper energy Esugra =
q
ge=0=U. Thus, the dual description
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in terms of modes propagating in the above supergravity background is expected to be a good
approximation.
At a nite critical temperature T = Tc , pure SU(N) gauge theory exhibits a deconnement
phase transition [9, 10]. The relevant order parameter is the Wilson-Polyakov loop:







Below the critical temperature T < Tc, hP i = 0 and QCD connes. Above T > Tc, hP i is
nonzero and takes values in ZN , the center of SU(N)
2. The Polyakov loop represents a
closed trajectory of a heavy quark around Euclidean time direction. Likewise, the two-point
correlation of parallel Wilson-Polyakov loops
Γ(d; T )  hP y(0)P (d)iT = e
−F(d;T )=T  e−VQQ(d;T )=T (5)
measures the static potential between the quark and anti-quark separated by a distance d at
nite temperature and energy density. It is therefore of interest to study the nite temperature
or energy density behavior of the Wilson-Polyakov loop in d = 4;N = 4 supersymmetric gauge
theory. At zero temperature, static properties of both heavy (anti-)quarks [13] and quark anti-
quark pairs [13, 14] (all in the dening representation of SU(N)) have been studied 3. The
time-like Wilson loop exhibits a behavior consistent with the underlying conformal invariance.
The conformal symmetry is explicitly broken at nite temperature and/or energy-density. As
such, we expect some drastic change to the behavior of Wilson loops.
This paper is organized as follows. In Section 2, we study static congurations of Type
IIB fundamental string in the supergravity background Eq.(2). Unlike the zero temperature
situation studied in [13, 14], we nd that there are two classes of string congurations. The rst
one is a direct analog of the zero temperature conguration in that the string located parallel
to the D3-brane is bent to 0U ! 1. An interesting point of the rst class of solutions is
that the minimum location U of the fundamental string lies always outside the Schwarzschild
horizon U  U0. The second branch describes fundamental string fallen into the D3-brane
and lies entirely within the Schwarzschild black hole horizon. The strings emanating from
the location of quark and anti-quark are now bent sideways so that the entire string position
0U lies below 0U0. Moreover the string exhibits a curious behavior in that its two quark
ends terminate precisely at the horizon. As an attempt to understand this, in Section 3, we
study the behavior of a single quark or anti-quark realized as a soliton on a probe D3-brane
world-volume. We indeed nd an indication that, for D3-brane located inside the Schwarzschild
horizon, electromagnetic flux is strongly dissipated. We conclude our investigation with several
remarks in Section 4.
2For review of gauge theory at nite temperature, see, for example, Refs. [11, 12].
3Quark-monopole potential has also been calculated [15] utilizing triple string junction [16].
2
2 Static Quark Potential at Finite Temperature
We would like to study the dynamics of a test Type IIB string that ends on the near-extremal
D3-branes. Denote the string coordinates by X(; ), where ;  parametrize the string world-
sheet. Low-energy dynamics of the test string may be described via its Nambu-Goto action,





−dethab + Lboundary: (6)




To study the relevant string congurations of our interest, we take X0 = t =  and decompose








In the background metric Eq.(2) straightforward calculation yields (
:





























































































4Throughout the paper, unless explicitly specied, we suppress the string tension 1=40 = 1.
3
Suppose we prepare a macroscopically large, rectangular U-shaped Type IIB string, whose
tip part is parallel to the D3-brane. At vanishing string coupling IIB ! 0, the string congu-
ration is conveniently described in static gauge:
Xjj = n^; Ω5 = constant: (12)
At small string coupling IIB  1, as is well-known from world-volume gauge theory analy-
sis [17], the U-tip part of the string will be attracted locally to the D3-brane at 0U = 0 and
try to form a non-threshold bound-state. In the strong coupling limit ge !1 the D3-branes
induce Schwarzschild-anti-de Sitter geometry, Eq. (2). In this limit what changes do we expect
for the string conguration which was initially oriented according to Eq. (12)? At zero tem-
perature, it has been shown [13, 14] that the string is lifted outward from the initial position
0U = 0. At nite temperature or energy-density, the very presence of a Schwarzschild horizon
at 0U0 oers more possibilities for the string conguration. The entire string may fall inside
the horizon due to strong gravitational attraction or manage to remain outside the horizon.
One might contemplate the even more interesting possibility that part of the string has fallen
into the string but the rest still extends to 0U ! 1. Since the macroscopic semi-innite
strings representing a Wilson-Polyakov loop are connected into a single string, there might ex-
ist the exciting possibility of sending and then retrieving a wave along the string from outside
the Schwarzschild horizon. If indeed possible, such an exotic conguration may be utilized
as a probe for a possible resolution of the black hole singularity [18]. Unfortunately, as we
will see, this last possibility is not attainable: either the entire string is collapsed inside the
Schwarzschild horizon or the string stays completely outside the horizon.




















On the left-hand side, the rst term is always positive semi-denite while the second term
G=H  −g2e=U
4
0. Therefore, the rst integral on the right-hand side also takes values greater
or equal to −g2e=U
4
0. It turns out that the solution behaves completely dierently depending
on whether the rst integral is positive or negative. They describe precisely the aforementioned
two congurations for which the string either floats outside the Schwarzschild horizon or falls
into the horizon. In the following subsections, we present the two solution branches separately.
4
2.1 Outer Horizon Quark Pair Conguration
We rst consider the branch where the rst integral, the right-hand side of Eq.(13), is positive




















We have conveniently parametrized positive value of the rst integral on the right-hand side of
Eq.(15) in terms of a parameter a  U=U0 5. Simple rst-integral consideration shows that
the entire conguration of the string is lifted outside the Schwarzschild horizon. As such, we
will refer to this branch as outer horizon branch. Since H is always positive in this branch, the
Polyakov-Wilson loop is interpreted as a time-like one.














(y4 − 1)(y4 − a4)
; (16)
where Y  U=U0 and ranges over 1  a  Y . Inside the square-root of the integral is a
fourth-order polynomial of y2. It is well-known that such an integral can always be brought
into a form of an elliptic integral by a change of variable !(y) = 1
2
(y2=a+a=y2). Explicitly, the

























(! + 1)(!2 − γ2)
35 : (17)
Here, z  !(Y ) and γ  !(a). Note that γ ranges over 1  γ  z. This can be expressed in










































where F (; ) denotes an elliptic integral of the rst kind. As in the zero-temperature case, the
parameter aU0  U is interpreted as representing the lift of the D3-brane once IIB is turned



























where K denotes the complete elliptic integral of the kind. This expression renders a compli-
cated functional relation between a and d.
5The zero-temperature limit (which is also the extreme D3-brane limit) is reached by taking U0 ! 0, a!1
while holding U40(a
4 − 1) xed. Also, positivity of (GH )






Figure 1: Type IIB string conguration representing timelike Polyakov-Wilson loop. The string
is curved outward from the Schwarzschild horizon 0U0 and extends to 
0U!1. In the extreme
limit 0U0 ! 0, the conguration is attracted toward the origin. The U denotes minimum dip
position at zero temperature.
To get a better picture, we make an asymptotic expansion of the functional relation d(a)
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’ 0:56 : (21)











d3 + : : : (d! 0+; a!1)
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d (d! 0; a! 1+) :
(22)
The qualitative behavior of the relation is quite similar to zero-temperature case, but the lifting
of D3-brane becomes fatter and gradual as temperature is turned on.




























Figure 2: Functional relation between the inter-quark distance d and (a4 − 1)1=4U0 = U.
At near extreme limit (a4 − 1) 1, the function exhibits monotonic inverse relation as in the
extreme case (depicted in the upper curve). The function turns over at strong non-extreme limit
(a4 − 1)  1, where it exhibits approximately a linear relation. For comparision, monotonic
inverse relation at zero temperature is also shown.
Making asymptotic expansions for a! 1+;1 and numerical t, we nd:
VQ Q(a) :=
8><>>:
N1U0a+    (a!1)
N2U0
p
a− 1 ln 1p
a−1

+    (a! 1+) ;
(24)
where the numerical t factors are N1 := 0:4; N2 := 6:2;  := 3:6. Utilizing the a(d) relation













d4 + : : :
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+    (d! 0+; a! 1+) :
(25)
One thus nds that the inter-quark potential deduced from timelike Polyakov-Wilson loop
exhibits Coulomb behavior at low temperature (a ! 1, hence, U0 ! 0 for a xed U) and
connement behavior at high temperature (a ! 1, hence, U0 ! 1 for a xed U). In the
low temperature limit, one also nds that nite temperature eectively screens the bare charge
and softens the Coulomb potential strength. What is ultimately responsible for the Coulomb-
connement crossover is the functional relation between d versus a. As illustrated in Figure 2,
as a is decreased (corresponding to the temperature being increased), the interquark distance
d displays a sort of ‘temperature duality’. In fact, maximum limit of interquark distance over
all a at a given U is another indication for the connement.
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2.2 Inner Horizon Quark Pair Conguration
Now, consider the situation that the integraton constant in Eq. (14) takes negative value.




















where 0  a  1. Simple rst-integral consideration shows that the string is again lifted from
0U = 0 but terminates at 0U = 0U0. As such, we refer this branch as the inner horizon
branch. In this branch, H is negative denite and interchanges the role of t and 0U in Eq. (2).
Hence, the Polyakov-Wilson loop under consideration may be interpreted as a spacelike one.
Since the string extends only up to the Schwarzschild horizon, we expect that the quark















(y4 − a4)(1− y4)
: (27)
Here, again, Y  U=U0 and ranges over a  Y  1. Via the same change of variable !(y) =
1
2
(y2=a + a=y2) as before, the integral Eq.(27) can be reduced into a form of elliptic integrals.
Compared to the outer horizon conguration, the integration is more involved, since within the
range of integration, w(y) is no longet a monotinically increasing function, but rather decreases
monotonically between a and
p
a  Yc, and increases monotonically for y  Yc. According to
the above change of variable, a given value of ! is mapped to two dierent values of y2. Thus,
it is necessary to divide the integration over two ranges : a  y  Yc and Yc  y  Y .






























































Here, as before, γ = !(a) = 1
2
(a+1=a) and z  !(Y ). The maximum range of the integration is


































































Figure 3: Type IIB string conguration representing spacelike Polyakov-Wilson loop. The
string is trapped entirely inside the Schwarzschild horizon 0U0. Note that, unlike the string

















(! − 1)(γ2 − !2)
−
d!q





















































The string conguration is then obtained by combining Eqs. (28,30). The conguration is
schematically illustrated in Figure 3. It clearly shows that the string extends from the dip
point located at a0U0 all the way up to the Schwarzschild horizon 
0U0.
By adding the two Eqs. (29,30), one may estimate the inter-quark distance d (as measured




















The inter-quark distance d is a function of a = U=U0 and exhibits monotonically decreasing
behavior, as illustrated in Figure 4.









































+O(a3) (a! 0+) :
(32)
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Figure 4: Functional relation between the inter-quark distance d and (1 − a4)1=4U0 = U. It
exhibits monotonic inverse relation much similar to zero temperature case.
























+    (a! 0+) :
(33)
The last two expressions are obtained numerically with parameter t to N1  1:3, N2  1:3 and
N3  1:2. Inverting the asymptotic relation Eq. (32), we can express the inter-quark potential











d+N3U0 +O(d−1) (d!1) :
(34)
Here, the numerical factors are N1  1:31; N2  0:88 and N3  1:98.
From the above result, one nds that the spacelike Polyakov-Wilson loop exhibits conne-
ment behavior at all temperature. What is odd, however, is the fact that the string terminates
(with its quark ends) at the Schwarzschild horizon. This is at a nite distance away from the
dip midpoint of the string. As the string carries electric flux and as the Schwarzschild hori-
zon apparently does not act as either source or sink of electric flux, the fact that the string
terminates at the horizon poses a puzzle. Where has the electric flux gone?
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3 Near-Extremal Dynamics of Quantum Born-Infeld Ac-
tion
In the previous sub-section, we have found that the Polyakov-Wilson loop exhibits drastically
dierent behavior depending on whether the string sustains in the outer horizon branch or
has fallen into the inner horizon branch. Moreover, for the inner horizon branch, the string
terminates at the Schwarzschild horizon. From the D3-brane world-volume point of view as well,
the nite-length string is a strange conguration as it deposits world-volume electric flux at the
Schwarzschild horizon. In order to gain better understanding to this puzzling phenomenon, we
now study a single quark or anti-quark conguration. Unlike a quark anti-quark pair, a single
quark conguration carries net electric flux, hence, provides an excellent probe to ultimate
fate of the electric flux inside the horizon. To do so, we prepare a single probe D3-brane split
o from the rest. At weak coupling, this amounts to going to the Coulomb branch at which
U(N + 1) ! U(N)  U(1). For a ground-state conguration, the probe D3-brane is planar,
parallel to the coincident N D3-branes but is separated by a distance 0Up from the origin.
Note that 0Up could be either inside or outside the Schwarzschild horizon 
0U0.
We now examine single quark or anti-quark excitations on the probe D3-brane. At strong








−det (Gab + Fab)− LWZ (35)
where Gab = @aX
M@bX
G(X) denotes the induced metric and Fab is the worldsheet gauge
eld. The Wess-Zumino term LWZ provides a volume-dependent self-energy potential. From the
Schwarzschild anti-de Sitter background geometry Eq. (2), the quantum Born-Infeld Lagrangian
for the near-extremal probe D3-brane is derived straightforwardly. For spherically symmetric








24sH +GU02 − G
H
_U2 −GE2 − 1
35 : (36)
Canonical conjugate momenta of U and gauge elds are:
IIB U = _U
1=Hq
H +GU02 − G
H
_U2 −GE2
IIB A = E
1q















1A0 = @U  1
G
q
H +GU02 −GE2 − 1

: (38)
The rst equation is nothing but the Gauss’ law constraint. If external charges are present,
their charge density should appear on the right-hand side. At zero temperature, H ! 1, and
the two equations are solved simultaneously by a rst-order BPS equation E = U0 [13].
In the non extreme case, it is quite dicult to nd exact solutions to the equations of motion.
Therefore, we will consider an approximate ‘quark’ solution, from which useful conclusions can
still be drawn. Consider rst the limit in which the electric eld E is excited far stronger than
the U-eld gradient. From the second equation of Eq. (38), it is easy to see that this is a good
approximation in so far as U is not too small. As such, we may take U = Up constant. In this







where r0 = (GQ
2
e)
1=4 and H = H(Up); G = G(Up). The solution Eq. (39) represents an
‘extended quark’ of total electric charge Qe that is distributed spherical symmetrically over
some region on the world-volume. It is also seen that the Schwarzschild redshift function H
plays the role of an inverse dielectric constant and screens the bare electric charge Qe. The
behavior of the ‘dielectric constant’ 1=4
p
H, however, depends sensitively on whether the
probe brane location Up is inside the outer horizon branch or inside. On the outer horizon
branch, Up > U0, H > 0 and the dielectric constant exhibits the standard screening behavior.
On the inner horizon branch, Up < U0, H < 0 and the dielectric constant becomes purely
imaginary. As such, the inner horizon branch exhibits the behavior reminiscent of the well-
known resonant absorption at the cross-over between normal and anomalous dispersions [19].
Hence, on the inner horizon branch, one expects strong dissipation of electromagnetic elds. We
have seen that the quark anti-quark conguration on the inner horizon branch is represented by
a nite length open string, whose quark ends terminate at the Schwarzschild horizon 0U0. The
fact that the string terminates implies that electric flux carried by the string is dissipated inside
the inner horizon branch. The above interpretation of the Schwarzschild redshift function H
as being related to the dielectric constant seems to account for the dissipation: on the inner
horizon branch, the dielectric constant is purely imaginary, hence, electromagnetic elds are
strongly dissipated. It should also be noted that the fact that the inner horizon region including
the Schwarzschild horizon itself exhibits dissipative behavior is strikingly reminiscent to black
hole membrane paradigm [20, 21].
We now determine the size of the ‘extended quark’ (charge radius). Inserting the purely
electric excitation Eq. (39) back into the quantum Born-Infeld Lagrangian, we can calculate
12




























At the core x  0, the integral is completely convergent. As r0 depends on the function G, one
may interpret the infrared niteness as a consequence of anti-de Sitter background geometry.
On the other hand, since H < 1, the quark energy is infrared divergent at x ! 1. The
infrared divergence is absent if H = 1, viz. extremal limit. Hence, we may attribute this as a
consequence of the well-known strong infrared divergence in gauge theory at nite temperature
or energy density [11].
After regularizing the infrared divergence, we may dene the ‘self-energy’ of the ‘extended













N  0:618: (41)
The self-energy clearly displays the feature that quark energy is distributed over a ball of radius
r0.
So far, we have approximated the single quark conguration by suppressing the U-eld
excitation. It is quite dicult to nd an explicit quark conguration with U-eld excitation
taken into account exactly. However, it is rather transparent what modications one expects
for the quark conguration, Eq. (39). Including the contribution of GU02 inside the square-root
of the quantum Born-Infeld Lagrangian, we recognize straightforwardly that the ‘dielectric
constant’
p
H in the electric eld Eq. (39) is now replaced by an implicit function
p
H +GU02.
Hence, the region of standard screening behavior is where U02 + H=G  0. Comparing with
the rst integral Eq.(15), one nds that this is precisely what denes the outer horizon branch.
Moreover, in order for a real-valued U-eld solution to exist, the quantity inside the square-root
in Eq. (38) should be positive denite. This also imposes the inequality U02 + H=G  E2 > 0.
Again, this is satised only on the outer horizon branch. Thus, we conclude that a single
quark conguration carrying a conserved electric flux cannot be suppored on the inner horizon
branch. Equivalently, if we try to arrange a single quark conguration on a probe D3-brane
inside the Schwarzschild horizon, both electric flux and U-eld excitations are rapidly dissipated
away. On the other hand, the fact that the outer horizon branch exhibits nite temperature
screening behavior remains unchanged even after the U-eld excitations are explicitly taken
into account. Moreover, inspection of the quark energy functional Eq. (40) shows that the
contribution of GU02 inside the square root increases the energy. This in turn suppresses the
infrared divergence while not ruining the ultraviolet niteness. It is therefore conceivable that
13
there exists a single quark conguration on the outer horizon branch engineered by simultaneous
excitation of electric and U-elds.
4 Discussions
In this paper, we have studied the nite temperature behavior of d = 4;N = 4 superconformal
Yang-Mills theory. Utilizing the correspondence of the large N and strong coupling limit to
Type II B supergravity compactication on Schwarzschild anti-de Sitter spacetime, we have
studied correlations of the Wilson-Polyakov loop and single quark conguration.
The new feature at nite temperature is the presence of the Schwarzschild horizon. De-
pending on whether the string lies outside or has fallen inside the horizon, we have found quite
dierent behavior. For the timelike Wilson-Polyakov loop lying on the outer horizon branch, the
low temperature behavior was qualitatively similar to the one at zero temperature apart from
the well-known nite temperature screening eect. As temperature is increased, we have seen
the static quark potential interpolate from Coulomb to conning behavior, possibly hinting at
a ‘thermal duality’ between high and low temperature limits. The Wilson-Polyakov loop lying
on the inner horizon branch is spacelike and has displayed a strange behavior that its quark
anti-quark ends terminate at the Schwarzschild horizon. As the horizon is not expected to act
as either a source or sink of electric flux, the only resolution is that the inner horizon branch
dissipates the electromagnetic fluxes. To support this interpretation, we have studied a single
quark (or anti-quark) conguration on a probe D3-brane in the Schwarzschild anti-de Sitter
spacetime. We have found that a single quark conguration can be engineered so long as the
probe D3-brane stays in the outer horizon branch. If the D3-brane crosses the Schwarzschild
horizon and is moved into the inner horizon branch, both electric and U-eld excitation of the
single quark dissipate away.
There remains many interesting issues to be explored. Viewing d = 4;N = 4 superconformal
gauge theory as a prototype quenched QCD, it would be most interesting to study in depth
issues of connement and chiral symmetry breaking. We believe that possible resolutions of the
black hole singularity in string theory might be intimatedly tied up with such issues in gauge
theory.
Note Added: After we have submitted this paper, we have learned about the paper by E.
Witten [22] on a closely related subject. We were also informed by S. Yankielowicz that he and
his collaborators are working on similar issues [23].
SJR and ST wish to thank M.R. Douglas, W. Lerche and H. Ooguri, organizers of Duality
‘98 workshop, and the Institute for Theoretical Physics for warm hospitality, where part of this
work was accomplished. S.T. also acknowledges useful conversations with S. Fo¨rste.
14
References
[1] G. ‘t Hooft, Nucl. Phys. B72 (1974) 461; Planar Diagram Field Theories, in ‘Progress in
Gauge Field Theory’, NATO Advanced Study Institute, eds. G. ‘t Hooft et.al. pp. 271-335
(Plenum, New York, 1984).
[2] E. Witten, Nucl. Phys. B149 (1979) 285; Nucl. Phys. B160(1979) 57.
[3] I.R. Klebanov, Nucl. Phys. B496 (1997) 231;
S.S. Gubser, I.R. Klebanov and A. Tseytlin, Nucl. Phys. B499 (1997) 217;
S.S. Gubser and I.R. Klebanov, Phys. Lett. B413 (1997) 41;
M.R. Douglas, J. Polchinski and A. Srominger, Probing Five-Dimensional Black Holes with
D-Branes, hep-th/9703031.
[4] J.M. Maldacena, The Large N Limit of Superconformal Field Theories and Supergravity,
hep-th/9711200.
[5] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge Theory Correlators from Noncritical
String Theory, hep-th/9802109.
[6] E. Witten, Anti-De Sitter Space and Holography, hep-th/9802150.
[7] S. Ferrara and C. Fronsdal, Conformal Maxwell Theory as a Singleton Field Theory on
AdS5, IIB Three-Branes and Duality, hep-th/9712239;
P. Claus, R. Kallosh, J. Kumar, P. Townsend and A. van Proeyen, Conformal Theory of
M2, D3, M5 and D1+D5-branes, hep-th/9801206;
N. Itzhaki, J. Maldacena, J. Sonnenschein and S. Yankielowicz, Supergravity and the Large
N Limit of Theories with 16 Supercharges, hep-th/9802042;
S. Ferrara and C. Fronsdal, Gauge Fields as Composite Boundary Excitations,
hep-th/9802126;
S. Ferrara, C. Fronsdal and A. Zaaroni, On N=8 Supergravity on AdS5 and N=4 Super-
conformal Yang-Mills Theory, hep-th/9802203;
G. Horowitz and H. Ooguri, Spectrum of Large N Gauge Theory from Supergravity,
hep-th/9802116;
S. Kachru and E. Silverstein, 4d Conformal Field Theories and Strings on Orbifolds,
hep-th/9802183;
A. Lawrence, N. Nekrasov and C. Vafa, On Conformal Field Theories in Four Dimensions,
hep-th/9803015;
O. Aharony, Y. Oz and Z. Yin, M-Theory on AdSpS11−p and Superconformal Field The-
ories, hep-th/9803053;
15
S. Ferrara and A. Zaaroni, N=1,2 4D Superconformal Field Theories and Supergravity in
AdS5, hep-th/9803060;
M. Bershadsky, Z. Kakushadze and C. Vafa, String Expansion as Large N Expansion of
Gauge Theories, hep-th/9803076.
[8] G.T. Horowitz and A. Strominger, Nucl. Phys. B360 (1991) 197.
[9] A.M. Polyakov, Phys. Lett. 72B (1978) 477.
[10] L. Susskind, Phys. Rev. D20 (1979) 2610.
[11] D.J. Gross, R.D. Pisarski and L.G. Yae, Rev. Mod. Phys. 53 (1981) 43.
[12] B. Svetitsky, Phys. Rep. 132 (1986) 1.
[13] S.-J. Rey and J.-T. Yee, Macroscopic Strings as Heavy Quarks in Large N Gauge Theories
and Anti-de Sitter Supergravity, hep-th/9803001.
[14] J. Maldacena, Wilson Loops in Large N Field Theories, hep-th/9803002.
[15] J.A. Minahan, Quark-Monopole Potentials in Large N Yang-Mills, hep-th/9803111.
[16] O. Aharony, J. Sonnenschein and S. Yankielowicz, Nucl. Phys. B474 (1996) 309;
J.H. Schwarz, Nucl. Phys. [Proc. Suppl.] 55B (1997) 1;
K. Dasgupta and S. Mukhi, BPS Nature of 3-String Junctions, hep-th/9711094;
A. Sen, String Network, hep-th/9711130;
S.-J. Rey and J.-T. Yee, BPS Dynamics of Triple (p,q) String Junction, hep-th/9711202;
M. Krogh and S. Lee, String Network from M-Theory, hep-th/9712050;
Y. Matsuo and K. Okuyama, BPS Condition of String Junction from M Theory,
hep-th/9712070;
O. Bergman, Three-Pronged Strings and 1/4 BPS States in N=4 Super-Yang-Mills,
hep-th/9712211;
M.R. Gaberdiel, T. Hauer and B. Zwiebach, Open String-String Junction Transitions,
hep-th/9801205;
C.G. Callan Jr. and L. Thorlacius, Worldsheet Dynamics of String Junctions,
hep-th/9803097.
[17] E. Witten, Nucl. Phys. B460 (1996) 335.
[18] G.T. Horowitz and S.F. Ross, Possible Resolution of Black Hole Singularities from Large
N Gauge Theory, hep-th/9803085.
16
[19] See, for example, L.D. Landau, E.M. Lifschytz and L.P. Pattaevskii, Electrodynamics of
Continouous Media, Sect.81 - 84 (Pergamon Press, Seoul, 1993) ;
J.D. Jackson, Classical Electrodynamics, Chap.7 (John Wiley, New York, 1975).
[20] K.S. Thorne, R.H. Price, D.A. Macdonald eds, Black Holes: The Membrane Paradigm,
(Yale Univ. Press, New Haven, 1986).
[21] M.K. Parikh and F. Wilczek, An Action for Black Hole Memebranes, gr-qc/9712077.
[22] E. Witten, Anti-de Sitter Space, Thermal Phase Transition and Connement in Gauge
Theories, hep-th/9803131.
[23] A. Brandhuber, N. Itzhaki, J. Sonnenschein and S. Yankielowicz, to appear.
17
